High genetic variability is inherent to all RNA viruses but has been best characterized with human immunodeficiency virus (HIV) (25, 59) . The extensive heterogeneity observed in the worldwide HIV-AIDS epidemic originates from the rapid viral turnover (10 10 viral particles/day) in an HIV-infected individual (27, 70) and the high rate of incorrect nucleotide introductions during HIV reverse transcription (10 Ϫ4 per nucleotide) (48) . In addition to this rapid accumulation of minor genotypic changes, different HIV type 1 (HIV-1) strains can also recombine to generate larger genetic alterations (30, 66 ; S. Wain-Hobson, 6th Annu. Disc. Meet. HIV Dynamics Evol., 1999). Recombination between two genetically distinct isolates of the same retrovirus species was first described in the 1970s (35, 42, 69) . Prior to a recombination event, heterodiploid virus must be produced from cells coinfected with two different viruses (Fig. 1A) . Strand displacement and template switching during minus-or plus-strand DNA synthesis in the heterodiploid virus results in recombination (10, 33) . Although retroviral recombination was initially an in vitro observation, it is now apparent that recombination between HIV-1 quasispecies results in large genetic shifts within the intrapatient population and promotes the rapid selection of variants resistant to HIVspecific drug and immune pressure (17, 24, 26, 28, 50 ; S. Butto, C. Argentini, A. M. Mazzella, M. P. Iannotti, P. Leone, P. Leone, A. Nicolosi, and G. Rezza, Letter, AIDS 11:694-696). In addition, different recombinant forms of HIV-1 have recently appeared in the HIV-1 epidemic without direct links to a co-HIV-infected individual (47) .
Recombination can be distinguished from an accumulation of minor genotypic changes. In general, a similarity of two contiguous sequence to different HIV-1 subtypes or groups separated by a distinct breakpoint is characteristic of intersubtype recombinant viruses (ISRs) (56, 57) . However, recombinants in the HIV-1 population could be identified only after an extensive accumulation of HIV-1 sequence data necessary for the phylogenetic classification of different HIV types (1 and 2), groups (M, N, and O), and subtypes (40) . HIV-1 group M strains, which are responsible for the worldwide epidemic and over 90% of current and new infections, can now be subdivided into 10 different subtypes or clades (A to J) (39) sharing 70 to 80% nucleotide sequence identity in the envelope (env) gene (40) . Increases in travel and migration have resulted in the cocirculation of multiple HIV-1 subtypes in several regions throughout the world. For example, clades A, C, D, and, to a lesser extent, F and G have been identified in HIV-infected Ugandans (7, 12, 40) . Full genome sequencing has also identified 14 circulating recombinant forms (CRFs) of HIV-1 with defined breakpoints and subtype-specific regions in the genome (reviewed in references 40, 47, and 50) .
In contrast to the stable CRFs, ISRs, as defined on this paper, appear to be less stable in the population, have illdefined crossover sites, and have been generated from more recent dual infections than CRFs (13, 14, 32, 46, 47, 52, 59 ). All HIV-1 recombinants are generated, replicate, and spread after initial co-or superinfection of single target cells in a human host. The incidence of new HIV infections, the prevalence of cocirculating clades, and limited prevention measures in several geographic regions predict that coexposures must occur at a much higher frequency than actual coinfections. Several mechanisms may limit superinfection, including a broad HIVspecific CD8
ϩ cytotoxic-T-cell response in the mucosal layers of an HIV-infected individual (3, 34) . To date, ISRs have been identified in nearly every region of the world where two or more subtypes cocirculate, and they may account for over 10% of new HIV-1 infections (39, 47) . ISRs are undoubtedly contributing to HIV-1 evolution and may ultimately result in a complete dissolution of defined HIV-1 subtypes (50) . In addition, recombination between subtypes could represent major antigenic shifts in the HIV-1 population and hamper the effectiveness of antiretroviral therapy and vaccine strategies (50) . We have developed a method to generate ISRs in vitro by first coinfecting peripheral blood mononuclear cells (PBMC) with two primary HIV-1 isolates of different subtypes. Replication-competent HIV-1 isolates containing a recombinant env gene were then PCR amplified with subtype-specific primers. Recombination, or crossover sites in the env gene, was mapped by a cloning-hybridization technique using subtype-specific probes. Finally, we compared the exact crossover sequences found in ISRs in vitro to those found in the HIV-infected Scheme for PCR amplification of intersubtype HIV-1 gag and env fragments. Universal primers were used to PCR amplify the gag (GS1 and GA4 primers) and env (envB and E15 primers) DNAs from the various dual and monoinfections. Nested PCR amplification with subtype-specific primer pairs internal to the external pair was then used to select recombinants in the gag (MA-p6-coding region) and env (gp120-gp41-or V1-V5-coding region) genes. (C) Products amplified by the different combinations of subtype-specific primer pairs (e.g., b-envL and b-env41, b-envL and e-env41, e-envL and b-env41, and e-envL and e-env41) were then identified on 1% agarose gels. These products were then denatured, annealed to a radiolabeled subtype E env probe (HIV-1 E-TH22), and separated on an 8% nondenaturing polyacrylamide gel. (D) An autoradiograph of the HTA. Recombined B-E env heteroduplexes migrate to a position between the heteroduplexes of each parental env DNA annealed to the probe.
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HTA for detection of ISRs. The ISR PCR products (V1 to V5 of the HIV-1 env gene) were analyzed by using heteroduplex tracking analysis (HTA) (16, 51) . Probes for HTA were amplified from plasmids containing env DNAs of six HIV-1 strains (A-pRW20, B-pSF162, C-pMA959, D-pUG46, E-pTH22, and F-pBZ162) (51) . For this amplification, the universal ED5 (61) primer was radiolabeled using T4 polynucleotide kinase and 2 Ci of [␥- 32 P]ATP and paired with ED12 (61) . Radiolabeled PCR-amplified probes were separated on 1% agarose gels and then purified with a QIAquick gel extraction kit (Qiagen). Ten microliters of unlabeled PCR-amplified intersubtype DNA and 0.1 pmol of the radiolabeled env probe were then denatured and annealed in a buffer containing 100 mM NaCl, 10 mM Tris-HCl (pH 7.8), and 2 mM EDTA. Heteroduplexes were resolved on a 5% nondenaturing polyacrylamide gel and analyzed as described previously (51) .
Cloning and probe hybridization for mapping HIV-1 intersubtype recombination breakpoints. Crossovers in the env gene were mapped by using a cloning and probe hybridization technique. Briefly, env ISRs (V1 to V5 and gp120-gp41 fragments) were PCR amplified with subtype-specific primers (see above) and then cloned into pCRII-TOPO vector (Invitrogen). Two or three env products from separate PCR amplifications were mixed to avoid potential resampling artifacts during clone selection. Approximately 100 individual bacteria colonies containing an env recombinant plasmid were transferred to nylon membranes and lysed with 10% sodium dodecyl sulfate. Bacterial DNA covalently linked to the membrane was then denatured and hybridized to ␥-32 P-labeled clade-specific env oligonucleotides as described previously (51) . Thirty oligonucleotides, between 20 to 29 nt in length and annealing to specific HIV-1 subtypes or isolates (A, B, C, D, E, and F) in V1 (nt position 6653), V3 (nt 7139), and V5 (nt 7606) of the env gene, were used (Table 1) . The sequences and approximate genomic position of these primers are shown in Table 1 and Fig. 2 , respectively. Filters were autoradiographed and analyzed to determine the subtype identity and to estimate the crossover location in each HIV-1 env recombinant clone.
Nucleotide sequencing, phylogenetic analysis, and recombination analysis. In vitro HIV-1 intragene recombinants (gag and env) were sequenced by using an ABI Prism BigDye terminator cycle sequencing ready reaction kit (PerkinElmer). The primers used in the sequencing reactions have been previously described (51) . Nucleotide sequence alignments were performed using the CLUSTAL X version 1.63b program (67) . Sites of intersubtype recombination were verified by using the Recombinant Identification Program (RIP) (63) as described previously (http://hiv-web.lanl.gov/). Sixty-five ISRs and eighty CRFs were identified in the Los Alamos HIV-1 sequence database and compared to in vitro ISRs generated in this study. Recombination sites in the env gene of each ISR and CRF were confirmed by using RIP and manual analysis of sequence alignments. Each crossover site was then defined by a 50-nt sequence overlapping the putative intersubtype recombination site. More than one isolate of CRFs 1 to 7, 10 to 12, and 14 were employed only if crossover sites were unique and not overlapping. A list of isolates and accession numbers from GenBank is available upon request.
RESULTS
Identifying HIV-1 env ISRs in dual infections. Non-CRF HIV-1 recombinants have been previously identified in HIVinfected individuals residing in geographical regions where two or more subtypes cocirculate (references 47 and 50 and references therein). However, in vivo intersubtype recombination is a rare event that follows (i) nearly simultaneous coinfection with two isolates of different subtypes or (ii) superinfection of an HIV-positive individual with a heterologous HIV-1 subtype (11). This study was designed to detect and characterize intersubtype recombination in the HIV-1 env and gag genes and to compare in vitro env recombinants to the CRFs identified in HIV-infected individuals.
We have previously described a method for infecting PBMCs with two or more primary HIV-1 isolates of different subtypes (51) . Using HTA, we were able to measure dual virus production and to derive relative fitness values of each isolate, but we were unable to detect HIV-1 recombination in env (51) . In a parallel study, we compared the actual frequency of recombination with the predicted frequency of HIV-1 recombi-nants based on single-cycle infection studies (Arts et al., submitted). The actual frequency of recombination after four rounds of replication was approximately 3 to 5%/kbp, or at least 5-to 10-fold less than predicted. This level of recombination is below the limit of HTA detection. Coinfected cells are capable of producing heterodiploid virus containing an RNA genome from each HIV-1 isolate (Fig. 1A) . Actual recombination occurs during de novo infection with this heterodiploid HIV-1 and is mediated by reverse transcriptase (RT) jumping from one plus-strand RNA (or minus-strand DNA) template to the other during DNA synthesis (11) .
For this study, we have performed seven dual infections with two laboratory strains (B-HXB2 and B-BaL) and seven primary HIV-1 isolates of different subtypes (A, B, C, D, E, and F). MOIs of 0.1 and 0.01 of each of two isolates were added to primary blood mononuclear cells treated with PHA and IL-2. Dual infection was monitored by HTA after 6 and 15 days postinfection. Detailed analyses focused on recombinations between the subtype B laboratory isolate, B-HXB2, and the primary subtype E isolate, E-CMU06, as well as between the primary Ugandan isolates, A-92UG029 and D-93UG067. All four of these HIV-1 isolates had an SI phenotype and utilized the CXCR4 coreceptor for entry. However, we also performed dual infections and analyzed recombinants involving three NSI, CCR5-tropic HIV-1 isolates (B-BaL, A-92RW009, and C-92BR025). This study was designed over 4 years ago, when emerging data showed that subtypes E and B cocirculate in Thailand whereas subtypes A and D predominate in Uganda and much of sub-Saharan Africa (40) . Interestingly, subtype A-D intergenic (between HIV-1 coding regions) and intragenic (within a coding region) recombinants have been identified throughout sub-Saharan Africa (4, 13, 14, 46, 54, 57) , but subtype B-E recombinants have only recently been identified in Thailand (68) . It is important to note that all subtype E 
on April 30, 2014 by PENN STATE UNIV http://jvi.asm.org/ strains (currently CRF01_AE) are derived from an old recombination event between an extinct "subtype E" env and a early ancestor of subtype A gag and pol genes (8, 21) . PCR amplification of intersubtype env and gag recombinants. As mentioned above, we were unable to detect recombinants in the 480-bp env fragment used in an HTA to measure dual virus production. Thus, a PCR method was devised to detect and amplify possible env and gag recombinants in these seven HIV-1 dual infections. We designed a set of gag-and env-derived oligonucleotides that shared perfect identity with the consensus sequence of only one subtype or isolate (A through F) ( Table 1 ). The primers e-gagS1 and e-gagA1 anneal to the ancestral subtype A gag gene found in subtype E HIV-1 isolates. Amplification of recombinant gag and env genes with FIG. 2. Mapping of crossover sites to different regions in the env gene. Recombined and parental env fragments were cloned into the pCRII-TOPO vector (Invitrogen) and transformed into Escherichia coli. Ampicillin-resistant, white colonies were transferred to nitrocellulose, lysed, and probed with subtype-specific oligonucleotides annealing to the V1, V3, V5, or hypervariable region in gp41. (A) Summary of the crossover mapping analyses in the env genes of multiple B-HXB2/E-CMU06 and A-92UG029/D-93UG067 recombined env clones. Crossovers were mapped to envelope regions, depicted as boxes of gradient shading. Frequencies of crossover sites in ISRs and CRFs were also plotted as crossover frequency per nucleotide (i.e., number of crossovers/length of the region defined by probes; see Fig. 3 ). A sixth region of recombination found at the end of the gp41-coding sequence (gp41-end) was not defined by probe hybridization analyses in Fig. 3 . Twenty-two of 60 crossovers that occurred in gp41-end were excluded to generated the ISR (C1-gp41) crossover frequency. (B) Recombinants from seven dual infections (A-C, A-B, A-E, D-E, D-E, B-E, and A-D) were used to determine the frequency of crossovers in the V1-V3 region compared to the V3-V5 region of env. Only the V1-V5 env fragments were PCR amplified and cloned for this hybridization analyses with probes specific to the V3 region. The number of env recombinant clones analyzed for each dual infection is shown in Table 2 . Twenty-one of 60 in vivo ISR crossovers were found in the V1-V5 region and are plotted.
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subtype-specific primers was preceded by an external PCR amplification using conserved env or gag primer pairs. Figure  1C clearly indicates that the subtype B-specific primer pair (b-envS1 and b-envA1) or subtype E specific primer pair (eenvS1 and e-envA1) could amplify env product in mono-or dual infections containing the B-HXB2 (lanes I, II, III, and IV) or E-CMU06 (lanes II, III, IV, and V) isolate, respectively. A primer pair containing a subtype B-and E-specific oligonucleotide (b-envS1/e-envA1 or e-envS1/b-envA1) could amplify env gene products only from B-HXB2 plus E-CMU06 dual infections (lanes II, III, and IV). However, nonspecific PCR products were obtained by using heterogeneous primer pairs (lanes I and V). The inability of these primer pairs (b-e or e-b) to amplify specific env (or gag) products in the monoinfections provides strong evidence that mainly B-E or E-B env recombinants were amplified in the dual infections. Products of the incorrect size were amplified due to nonspecific annealing of recombination-specific primers to cellular DNA extracted from monoinfections ( Fig. 1 ). We were unable to amplify B-E or E-B recombinants in mock infections. In this experiment, equivalent amounts of plasmids containing entire env (or gag) gene of B-HXB2 or E-CMU06 were mixed and then added to the external PCRs. Subsequent nested amplifications with the subtype-specific primer pairs failed to amplify recombinant env (or gag) DNA from the mock coinfections (Fig. 1C, lane C) . Thus, template switching and recombination mediated by Taq polymerase is likely orders of magnitude less than that occurring during reverse transcription in vivo (Arts et al., submitted).
Identifying HIV-1 ISRs by HTA. The detection of env or gag DNA following PCR amplification with heterologous pairs of subtype-specific primers (i.e., b-e or e-b) is still not proof that intersubtype recombination arose in dual HIV-1 infections. B-E and E-B env products (Fig. 1C) were employed in HTA to confirm the presence of recombinants. An env recombinant was easily identified when the heteroduplex containing the B-E (or E-B) DNA migrated between the parental heteroduplexes, i.e., B-HXB2 (Fig. 1D , lane I, top of gel) or E-CMU06 heteroduplexes (Fig. 1D , lane V, bottom of gel), both derived from monoinfections. Following PCR amplification from each dual infection with subtype-specific primers (data not shown), HTA was used as initial screen for intersubtype env recombinants. As described below, probe hybridization assays and a PCR-sequencing technique were then used to map the breakpoint and crossover sites in these intersubtype env recombinant clones. It is important to note that env recombinants were PCR amplified from both dual infections involving two NSI/R5 or two SI/X4 isolates. However, no HIV-1 recombinants were generated in dual infections involving an SI/X4 isolate and an NSI/R5 HIV-1 isolate. All of the SI/X4 isolates had outcompeted the NSI/R5 HIV-1 isolates, reducing the probability of subsequent recombination (data not shown). Head-on competitions in PBMC suggest that SI/X4 isolates are generally less fit than NSI/R5 HIV-1 isolates (51). In addition, the frequency of coinfection with an NSI/R5 isolate and an SI/X4 isolate would be significantly less than coinfection with two isolates of the same tropism and phenotype, since few cell types in a PBMC population express both CCR5 and CXCR4. Finally, a reduced MOI (0.01 versus 0.1) also decreased the ratio of HIV-1 recombinants to parental HIV-1 isolates produced from the dual infection (Arts et al., submitted).
Mapping intersubtype recombination to specific regions in env. env ISRs amplified with subtype-specific primers (see above) were cloned into the pCRII-TOPO vector, resulting in a disruption of the ␤-galactosidase gene (e.g., pCR-B-E env). Ampicillin-resistant, white bacterial colonies carrying the pCR-recombinant env vector were streaked onto fresh plates, transferred to nitrocellulose, lysed, and probed with a series of subtype-specific, radiolabeled oligonucleotides. Using these probes annealing to the hypervariable regions in env (V1, V3, V5, and gp41 nt 8109), we were able to map recombination or crossover sites to a 330-bp sequence in the gp120 C1-V1 region, a 510-bp sequence in the V1-V2-C2-V3 (V1-V3) region, a 470-bp sequence in the V3-C3-V4-C4-V5 (V3-V5) region, a 170-bp sequence in the gp120 V5-gp120/gp41 interface (V5-gp41), and/or a 280-nt region in gp41. Figure 2A summarizes the probe hybridization and env recombination analysis using 70 B-E, 62 E-B, 40 A-D, and 22 D-A colonies. This probe hybridization technique identified regions of recombination for subsequent sequencing analysis and avoided over 2,000 sequencing reactions. Approximately 40% of the crossovers in the env gene, derived from the B-HXB2 plus E-CMU06 or the A-92UG029 plus D-92UG067 dual infections, occurred in a region containing the end of V1 as well as the V2 and C2 domains. In contrast, the V3-V5 region supported the fewest recombination events (Ͻ13%). Differences in the lengths of these regions (delineated by the subtype-specific probes) may influence the frequency of recombination (Fig. 3 and Table 2 ). For example the V1-V3 fragment is 510 bp, whereas the V3-V5 fragment is only 470 bp. However, increased recombination (Ͼ1.1 ϫ 10 Ϫ3 /nt) was still observed in the V1-V3 region with correction for length ( Fig. 3 and Table 2 ). Approximately Ͻ5% of the clones contained two or three crossover sites. However, it is important to note that we were unable to identify those recombinants with two crossover events in a single env region defined by these probes.
Increased frequency of crossovers in the V1-V3 region compared to the V3-V5 region may be due in part to (i) differences in sequence identity between the pair of isolates, (ii) the sequence homology between the regions, and/or (iii) the ability of the two regions to accommodate significant genetic changes and still remain replication competent. We have initiated studies to examine the replication efficiency or fitness of these intersubtype env recombinants by subcloning them into a neutral HIV-1 genome. To test the first hypothesis, we have selected and analyzed intersubtype env recombinants in the V1-V3 and V3-V5 regions from five dual infections involving nine HIV-1 isolates of six different subtypes (A, B, C, D, E, and F) (Fig. 2B) . Preference for intersubtype recombination in the V1-V3 (70% of the recombinants) over the V3-V5 env region was even greater with these five pairs of primary HIV-1 isolates than with B-HXB2 plus E-CMU06 or A-92UG029 plus D-92UG067 dual infections (Fig. 2) . With correction for fragment lengths, the frequency of crossovers in the V1-V3 region was 1.35 (Ϯ 0.20) ϫ 10 Ϫ3 /nt, or twofold greater than that observed in the V3-V5 region (P Ͻ 0.001) (Fig. 3 and Table 2 ). Finally, we have compared the env sequence heterogeneity between each pair of HIV-1 isolates used in these dual infections. The V3-V5 region was slightly more heterogeneous than VOL. 76, 2002 HIV-1 INTERSUBTYPE RECOMBINATION 9605 the V1-V3 region (Table 2 ). However, this difference was quite modest (1.2-fold; P Ͻ 0.001), but it may still contribute to the enhanced recombination in the V1-V3 region (2-fold; P Ͻ 0.001).
Comparison of in vitro and in vivo intersubtype recombination in the env gene. The results described above suggest that the V1-V3 region of env could be a "hot region," or selected region for intersubtype recombination in replication-competent viruses in vitro. To examine whether preferential env recombination occurs in vivo, we have collected nearly all of the full-length intersubtype env recombinants (19) and CRFs (38) available in the Los Alamos HIV sequence database (40) . Intersubtype HIV-1 env recombinants and CRFs containing crossovers in env were compared to the ISRs generated in vitro. Although HIV-1 recombination is not limited to the env gene, a significant proportion of the intersubtype HIV-1 recombinants (34%) have been identified in the env gene (40, 50) . This likely reflects a greater number of HIV-1 env sequences submitted to GenBank rather than increased recombination frequency in env. The RIP (63) was used to confirm the exact site of intersubtype env recombination in these primary HIV-1 isolates (data not shown). Most of the ISRs are not or have yet to classified as stable CRFs and are likely the result of a recent dual infection. Very few of the ISRs isolated from HIV-infected individuals share identical crossover sequences. However, there was a higher frequency of multiple crossover sites in ISR isolates than in those generated in vivo. We did exclude ISRs with identical crossover sites from these analyses. Likewise, analysis of env crossover sites in CRFs was limited to representatives of the 15 classified types. Most isolates of a specific CRF contained the same crossover site in the env gene. However, we did include six isolates of CRF 12 and three isolates of CRF 11 due to different crossover sites (defined by a 50-nt segment) in env regions.
Crossover sites in the CRF and ISR sequences were then mapped to specific regions in HIV-1 env defined by our subtype-specific probes and for comparisons to the intersubtype recombination in vitro ( Fig. 3 and Table 2) . Surprisingly, the likelihood that an in vivo ISR crossover site mapped to a a Two HIV-1 isolates were added at different MOI ratios (1:10, 1:1, and 10:1) as previously described (51) . b env PCR recombinant fragments were selected by using subtype-specific primers as described in Materials and Methods (Fig. 1B) . In each case, both types of recombinants (e.g., A-C and C-A) were selected and analyzed.
A-C, A-D, A-G, B-D, B-G, C-A, C-D, D-A, D-B, E-A, E-H, F-B, G-H, H-A, H-E, H-G

CRF 01-14 A-C, A-G, A-H, B-A, B-C, B-F, B-G, C-D, C-F, D-C, D-F, E-G, F-A, F-B, F-D, G-A, G-H, G-J, H-A, H-C, J-G
c Total number of env recombinant clones analyzed for each dual infection. In contrast, 28 ISRs with a total of 60 crossover sites in env and 21 CRFs with a total of 45 crossover sites were obtained from the Los Alamos HIV-1 Sequence Database and used to estimate the frequency of in vivo recombinants in specific env regions (40) .
d Recombination frequency corresponds to the total number of recombinant breakpoints or crossover sites per genomic region (crossovers) divided by the total number of recombined clones analyzed and by the size of the fragment. The genetic distances between each HIV-1 pair and within the specific env region were compared by using the Kimura two-parameter model as previously described (49) . HIV-1 env genomic regions: C1-V1, 330 bp; V1-V3, 510 bp, V3-V5, 470 bp; V5-gp41, 170 bp; gp41-gp41, 280 bp; and env end, 640 bp.
e ND, not determined.
specific region in env nearly matched that observed in vitro. When corrected for length (crossovers per 10 3 nt), the highest frequency of in vivo ISR crossovers mapped to the V1-V3 region of env ( Fig. 3B; Table 2 ). A more defined analysis was obtained following the removal of x crossovers that mapped to env regions outside of those defined by the hybridization probes. Preference for recombination in the V1-V3 region was even more striking in the in vivo ISRs than in those generated in vitro. As described below, most of the in vivo and in vitro recombination within this V1-V3 region could be further mapped to the conserved C2 domain. A further exclusion of in vivo ISR crossover sites outside the V1-V5 region confirmed a significant increase in V1-V3 crossovers over V3-V5 crossovers, similar to that observed with the in vitro ISRs. By contrast, very few crossover sites from CRFs mapped to the gp120-coding region of env. In fact, there appears to be an exclusion or selection against C2 crossover sites in CRFs. Crossover sites are common in the C1-V1 env domains of CRFs 01, 02, 04, 07, 10, 11, 13, and 14 (i.e., near the end of the Vpu open reading frame) as well as in gp41 intracellular domains of CRF 01, 02, 03, 12, and 14. Unfortunately, limited sequence diversity in the gp120 leader-C1 domain and in the transmembrane-intracellular gp41 domains hampered the design of subtype-or isolatespecific primers to detect in vitro recombination in these regions. However, the lack of C2 crossover sites in CRFs is quite apparent and is in contrast to what is observed in ISRs isolated in vivo.
Comparison of the nucleotide sequences at the sites of intersubtype recombination in vitro and in vivo. For comparison of the nucleotide sequences at the sites of intersubtype recom- FIG. 3 . Frequency of recombination breakpoints in the env gene. Crossover sites were mapped in Fig. 2 , and the frequency of recombination within a specific region was calculated in Table 2 . (A) The frequencies of region-specific recombination with the env ISRs selected in vitro (B-HXB2/E-CMU06 and A-92UG029/D-93UG067) were compared to those of 60 ISR and 45 CRF crossovers reported in the HIV database (40) . As described in Fig. 2 , 42% of 28 ISR isolates and 75% of 21 CRF isolates contained more than one crossover site in env. (B) The crossover frequencies (10 Ϫ3 per base pair) in the V1-V3 and V3-V5 gp120-coding regions of seven recombined pairs were also compared to those of the in vivo ISRs and CRFs. P Ͻ 0.001, Pearson product moment correlation. Due to sequence heterogeneity between isolates within the same subtype, the putative crossover sequence is considerably longer and less defined in vivo than in vitro. As indicated in Fig. 2 and 3 and Table 2 , the V1-V3 region was a preferred, or hot, region for intersubtype HIV-1 recombination and viral selection in both in vitro and in vivo ISRs but not CRFs. Preferential recombination in the V1-V3 env region was mostly (Table 2) , only 11 ISR and 12 CRF crossover sequences are shown in panels C and D, respectively. The sequences shown in all panels are not aligned and are found in different regions of env or gag. Clone refers to the intersubtype gag or env clone selected in the dual infection, whereas isolate refers to the ISR found in the HIV-1 sequence database (http://hiv-web.lanl.gov). The HXB2 sequence was used to reference the nucleotide position of each crossover site. The crossover sites have also been localized to specific regions in the env and gag genes. Homopolymeric tracts are underlined near or within the putative crossover sequence (in italics). The thickness of the line represents the strength of the putative RT pause site, i.e., A 5 , U/T 5 , or G 4/5 Ͼ C 4/5 , G 3 , A 4 , or U/T 4 (37).
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attributable to crossovers within the C2 domain (six of seven V1-V3 recombinants) (Fig. 4) . Crossover sites were scattered throughout C2 domain, and there was no evidence of a specific hot sequence for recombination. However, several homopolymeric tracts were present in the 50-nt sequence encompassing both the in vitro and in vivo recombination sites (Fig. 4) . For example, five consecutive adenosine (A) or thymidine (T) residues appear fewer than four times in this region of env (2,000 bp) from these four HIV-1 isolates (A-92UG029, B-HXB2, D-93UG067, and E-CMU06), and yet 6 of the 14 recombination sites were mapped to 50-nt sequences containing a tract of five A or T residues. This represents a 10-to 20-fold increase in recombination at a 50-bp sequence containing an A 5 or T 5 tract. In addition, there was also enrichment of poly(G 4 ) and poly(C 4 ) tracts at the site of recombination. HIV-1 RT has been shown to pause or dissociate at homopolymeric se- quences in the template (e.g., tracts of three or more Gs, four or more Cs, or of five or more As and Ts) (2, 37). RT pausing or dissociation has also been shown to enhance the efficiency of template switching and subsequent recombination (20) . We also examined the frequency of homopolymeric tracts in 60 ISR and 45 CRF crossover sites defined by a 50-nt sequence in env ( Table 3) . As described above, all CRF crossover sites were distinct in the 11 classified forms used in this study (see Materials and Methods). For comparison, we calculated the frequency of homopolymeric tracts (per 50 nt) in the consensus env gene sequences of subtypes A, B, C, and D (204 50-nt segments). With exception of the poly(G Ͼ4 ) tract, there appears to be at least a two-to threefold enrichment of in vitro ISR crossovers adjacent to all homopolymeric tracts shown to promote RT pausing and template switching. There is no enrichment of homopolymeric tracts in the CRF crossover sites. However, in vivo ISR crossovers appear again to be an intermediate of a recent recombination event (e.g., in vitro ISRs) and selection of the stable CRF crossover sites. This observation is most apparent when comparing the frequencies of the strong RT pause-dissociation site at the crossover sites (ՆA 5 or T 5 ). In the HIV-1 env genes of subtypes A, B, C, and D, five or more A or T residues appear in approximately 22% of every 50-nt env sequence, whereas 50 and 36% of all in vitro and in vivo ISR crossover sites (respectively) contain an A Ͼ5 or T Ͼ5 tract ( Table 3 ). The frequency of these A and T tracts in CRF crossovers is approximately 18%. It is important to note that not all in vitro and in vivo ISRs contain homopolymeric tracts ( Fig. 4C and D) . In these instances it is possible that other factors such as RNA secondary structure may induce template switching.
DISCUSSION
The implications of retroviral recombination have come to light only with the recent advances in HIV molecular epidemiology (47, 50, 56, 57) . Recombination is now considered a hallmark feature of retroviruses and has been the subject of hundreds of studies. Partial and full genome sequencing of HIV-1 isolates from around the world clearly indicates that at least 20% are chimeras of different HIV-1 subtypes or clades (13, 14, 18, 40, 43, 46, 47, 50, 52, 57, 60, 62) . Recombination between HIV-1 subtypes or groups can result in major antigenic shifts and hamper both vaccine and drug development (50) . At another level, rapid intrapatient evolution may be driven by recombination between quasispecies and promote changes in tissue-cell tropism, immune avoidance, and multidrug resistance (17, 24, 26, 28, 36, 45, 50 ; Butto et al., letter). However, the production and selection of an ISR are difficult to examine in vivo or in an animal model.
We have adopted a primary tissue culture system to establish dual infections in PBMC with primary HIV-1 isolates and to screen for intersubtype HIV-1 recombination (51). In a previous study, we employed an HTA to measure dual virus production and to determine the relative fitnesses of primary HIV-1 isolates in these competitions (51) . Subsequent analyses revealed that the frequency of intersubtype recombination was approximately 3 to 5%/1 kbp, or below the limits of a direct HTA screen (Arts et al., submitted) . This study focuses on mapping, analyzing, and then comparing the crossover sites found in intersubtype HIV-1 env (or gag) recombinants generated in vitro to those previously identified in vivo. Intersubtype HIV-1 recombinants were selectively amplified with subtypespecific primers and then identified by HTA. These recombined env products were then cloned and analyzed by probe hybridization assays and DNA sequencing. A rough mapping of recombination sites in env revealed similar in vitro and in vivo ISR preferences for crossovers in the V2-C3 region. As described below, preferential sites of recombination are difficult to identify in single-cycle recombination studies employing defective retroviral vectors (1, 23, 30, 71) . We suspect that increased recombination in the C2 region is likely due to (i) higher conservation of this sequence compared to most of the other conserved env domains (i.e., C1, C3, C4, and C5) and (ii) selection of ISRs with proper env function following recombination in this C2 region versus other env regions.
Our studies on ex vivo HIV-1 fitness and recombination were planned soon after the initial identification of intersubtype recombinants (56, 57) . In 1997, HIV-1 subtypes were defined by thousands of HIV-1 sequences from around the world, but few isolates were classified as ISRs (40) . Recombination is now evident between nearly every HIV-1 subtype and group (47, 50) . Many of these ISRs emerged shortly after the divergence of group M subtypes and now exist as CRFs of HIV-1 (8, 29, 31, 47, 55, 57, 64, 73 Dynamics Evol., 1999). In addition, increased travel, trade, migration, tourism, and wars have resulted in cocirculation of multiple subtypes outside Africa. For example, the Brazilian population now harbors stable and cocirculating subtype B, C, and F epidemics (5) . The early predominance of subtypes B and E in Southeast Asia or subtype A in southern Africa has been overwhelmed by the rapid emergence of subtype C infections (58) . This study has developed a model of intersubtype recombination in vitro to compare with in vivo HIV-1 recombination and to identify sites for stable recombination and subsequent ISR survival. We utilized a total of nine HIV-1 isolates of different subtypes and performed seven dual infections to screen for intersubtype recombination. Remarkably, the patterns of ISR recombination between different pairs of HIV-1 isolates were quite similar regardless of the env subtype or sequence diversity between the pairs. The large evolutionary jumps associated with these intersubtype recombination events will undoubtedly affect the HIV-1 epidemic. Selection pressures on ISRs in the human population are likely complex and involve efficiency of transmission, variations in host pressure (immune response and genetic factors), and replication efficiency. Thus, CRF recombinants will emerge from this heterogeneous pool of ISRs. CRF selection is likely based on fitness in the human population rather than the frequency of ISRs with favored crossover sites.
Retroviral recombination is preceded by the production of heterodiploid virus from a coinfected cell. The frequency of recombination is dependent on multiple factors that affect virus replication (Arts et al., submitted). However, the actual recombination event is controlled solely by the ability of RT to jump between plus-strand RNA or minus-strand DNA templates (23, 30) . Aside from the first-and second-strand switch that occurs during every round of retroviral reverse transcription, there is little evidence of selective recombination at other regions in the retroviral genome. Recent studies suggest that the dimer linkage and/or dimer initiation sequence is responsible for genomic RNA dimerization as well as for promoting a strand transfer event during reverse transcription (15, 44) . Our study clearly indicates that the C2 domain of env is a hot region for both in vitro and in vivo intersubtype recombination and further selection of replication-competent viruses. However, specific crossover sites were not found throughout the C2 region. When the env genes of different HIV-1 subtypes are compared, the variability in C2 is slightly less than that in other conserved domains (with the exception of the short C5 domain). On the other hand, a twofold increase in C2 versus C4 recombination may not be attributable to a 2 to 7% difference in nucleotide sequence identity. Previous studies employing in vitro assays or defective retroviruses in single-cycle infections clearly showed that increased sequence homology between the two genomic templates resulted in a higher frequency of recombination (41, 72) . However, we have actually observed higher frequencies of recombination in the variable env gene than in the more conserved gag gene (Arts et al., submitted). Evidence of a preferred recombination site within env (e.g., C2) and the latter result are contrary to those previously published (41, 72) . This discrepancy is likely due to variations in the assays rather than differences in the mechanism of recombination. Unlike in earlier studies employing defective retroviral particles and packaging cell lines (1, 23, 30, 71) , recombination in our assay was not limited to a single replication cycle. Replication of both parental and recombined HIV-1 in these dual infections would lead to a rapid selection of replication-competent viruses (Arts et al., submitted) .
Most of the HIV-1 ISRs generated in vitro (or within a coinfected individual) are likely defective or dead and would not survive a 5-to 15-day competition with the parental isolates. Surprisingly, the majority of HIV-1 env recombinants that survive this selection and competition contain a crossover in the C2 domain and not in the hypervariable regions. In contrast to the hot "region" of intersubtype env recombination and viral selection, there was no defined hot "spot" for the actual crossovers or breakpoints. This may be due in part to the extreme sequence variability among the different pairs of HIV-1 isolates used in the various dual infections. In addition, any sequence specificity for strand displacements and crossover events may be difficult to identify after multiple rounds of infection. It is important to stress that this selection of replication-competent ISRs is likely unrelated to the mechanisms involved in strand displacement and template switching (i.e., recombination) (20) . Therefore, it was somewhat surprising that a majority of in vitro and in vivo ISRs contained runs of homopolymeric sequences within or adjacent to crossover sites. A 50-nt scan across the entire env gene suggests an enhancement of recombination near poly(A 5 ) or poly(U/T 5 ) tracts. As described above, very few ISRs evolved into CRFs. Thus, the nucleotide composition of crossover sites in CRFs resembles that observed throughout the env gene; i.e., there is no enrichment of homopolymeric tracts.
Although this preference for homopolymeric tracts may be maintained in replication-competent ISRs, the homopolymeric regions are never located at a defined site within or adjacent to the crossover sequence. Several studies have now shown that HIV-1 RT pauses or even dissociates at homopolymeric sequences in the template (2, 37) . The strength of the pause site is dependent on the length and base comprising these tracts; i.e., a G 4 tract induces more RT pausing than a C 4 , A 4 , or U/T 4 tract (37) . A homopolymeric sequence of five or more A or U/T residues induces minor groove compressions, a bend in the nucleic acid duplex (38) , and a termination of DNA synthesis from an RNA or DNA template by HIV-1 RT. In fact, plus-strand DNA synthesis from the central polypurine tract primer is terminated at the center of the HIV-1 genome by a phased poly(A)-poly(T) tract known as the central termination sequence (9, 65) . The relationship between pausing or termination during DNA synthesis and template switching or recombination has been the focus of several studies and is the basis of three models for retroviral recombination (10, 11, 20, 33) . Dissociation of the RT-primer-template complex at homopolymeric tracts or regions of RNA secondary structure increases the possibility that RT and the primer can reassociate with the other template in the diploid virus. Even though there appear to be stable G-C-rich duplexes or stem-loops at some crossover sites, RNA secondary structures are difficult to predict and are not static during reverse transcription.
In a future study, single-cycle, in vitro reverse transcriptionrecombination assays will be used to examine the possible sequence specificity for crossover sites [e.g., poly(A) or poly(U/T) tracts] and in the absence of selection for replication-competent ISRs (e.g., in the C2 region). Although RT pausing at homopolymeric sequences or regions of RNA secondary structure increases the frequency of template switching, the displaced strand and RT may not always anneal to the same sequence on the alternative template. In addition, sequence variability between the two templates in the heterodiploid retrovirus may also result in heterogeneous breakpoints, i.e., originating from the same pause site. Most of these crossover events will result in defective or dead HIV-1 particles, but a few particles will be capable of replicating and competing with the parental HIV-1 isolates. This may explain the variable location or homopolymeric stretches within a crossover sequence. Certain domains in env (e.g., C2) may accommodate these major genetic shifts better than other regions and lead to production of functional glycoproteins. Thus, the possible interplay between (i) preferential crossovers at pause or termination sites during HIV-1 DNA synthesis and (ii) subsequent selection of replication-competent viruses appears to influence the generation of ISRs both in vitro and in the HIV-1 epidemic. 
